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ABSTRACT  We used electron microscopy, acid hydrolase cytochemistry, and biochemistry to 
analyze the uptake and  metabolism  of colloidal gold- and  [3H]cholesteryl  linoleate-labeled 
human low density lipoprotein (LDL) by cultured rat granulosa cells. The initial interaction of 
gold-LDL conjugates with granulosa  cells occurred at binding sites diffusely distributed over 
the plasma membrane. After incubation with ligand in the cold, 99.9% of the conjugates were 
at the cell surface but <4% lay over coated pits. Uptake was specific since it was decreased 
93-95% by excess unconjugated LDL and heparin, but only 34-38% by excess unconjugated 
human high density lipoprotein. LDL uptake was related to granulosa cell differentiation; well- 
luteinized  cells  bound  2-3  times  as  much  gold-LDL  as did  poorly  luteinized  cells.  Ligand 
internalization  was  initiated  by  warming  and  involved  coated  pits,  coated  vesicles,  pale 
multivesicular  bodies (MVBs), dense MVBs, and lysosomes. A  key event in this process was 
the translocation of gold-LDL conjugates from the cell periphery to the Golgi zone. This step 
was carried out by the pale MVB, a prelysosomal  compartment that behaves like an endosome. 
Granulosa cells  exposed  to  LDL  labeled with  gold and  [3H]cholesteryl  linoleate converted 
[3H]sterol to  [3H]progestin  in a time-dependent manner.  This conversion was paralleled  by 
increased  gold-labeling of lysosomes and blocked by chloroquine, an inhibitor of lysosomal 
activity. In brief,  granulosa cells deliver LDL to lysosomes by a receptor-mediated mechanism 
for the hydrolysis of cholesteryl esters. The resulting cholesterol is, in turn, transferred to other 
cellular  compartments,  where  conversion  to  steroid  occurs.  These  events  comprise  the 
pathway used by steroid-secreting cells to obtain the LDL-cholesterol vital for steroidogenesis. 
Cholesterol  is  an  obligate intermediate  in  the  synthesis  of 
steroids.  Cells generally obtain  this sterol  through  de  novo 
synthesis or from plasma lipoproteins. Over the past few years, 
it has become clear that  steroid-secreting organs of several 
mammals use cholesterol carried by circulating lipoproteins 
in preference to sterol produced through de novo synthesis for 
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the  manufacture  of  steroid  hormones  (13).  In  particular, 
tissues that produce large quantities of steroid, such as lutein- 
ized ovaries, rely heavily on lipoproteins as a source of cho- 
lesterol. Indeed, de novo synthesis alone is incapable of pro- 
viding sufficient substrate to support the metabolic require- 
ments of rat ovarian cells in vivo or in vitro (25, 26, 30). 
1235 For  ovaries  of  many  species,  low  density  lipoproteins 
(LDL) j  are the  main  source  of cholesterol (13).  In rodents, 
although high density lipoproteins (HDL)  are  the predomi- 
nant lipoproteins in plasma, ovarian cells can use both LDL 
and HDL (13). Recent evidence indicates that LDL and HDL 
interact with steroid-secreting cells through binding sites (19) 
that differ in a  number of ways,  including lipoprotein speci- 
ficity,  sensitivity to  protease  treatment,  requirement  for di- 
valent cations (6), and the ability of sulfated glycosaminogly- 
cans to displace bound ligand (10). Not only do these lipopro- 
teins use separate binding sites, but differences may also exist 
in how each is processed by cells (12, 23). 
Neither the cellular mechanisms underlying the uptake and 
processing of lipoproteins nor their relationship to hormone 
production  has  been  established  for  steroid-secreting  cells. 
Non-steroid-secreting cells,  such  as  fibroblasts,  accumulate 
lipoprotein  through  receptor-mediated  endocytosis.  In  this 
process, which has been clarified through the work of Brown, 
Goldstein, Anderson, and collaborators on the accumulation 
of LDL by cultured human  fibroblasts (for reviews, see refer- 
ences 3  and 9), LDL binds to receptors at the cell surface, is 
internalized via coated pits, and undergoes hydrolysis within 
lysosomes,  liberating free cholesterol.  The  fate of sterol ob- 
tained from circulating lipoproteins, however, is quite differ- 
ent  in  steroid-secreting  and  non-steroid-secreting  cells.  In 
steroidogenic  cells,  cholesterol  is  converted  mainly  to  hor- 
mones,  whereas  in  fibroblasts it becomes  incorporated  into 
cellular membranes. 
In view of these major differences, there was a  strong need 
to examine the pathway for the utilization of lipoproteins in 
steroidogenic tissues. Thus, the purpose of the present study 
was to determine the cellular basis for uptake and processing 
of LDL by steroid-secreting cells.  We  used primary cultures 
of rat granulosa cells since the steroidogenic function of these 
cells depends, in large part, on the availability of lipoproteins 
(25,  26,  30).  Use of an in vitro system also permitted us to 
follow  lipoprotein  processing  under  controlled  conditions. 
Our  main  probe,  selected  for its sensitivity, resolution,  and 
ease of recognition in electron micrographs, was human LDL 
conjugated to 20-nm gold particles. We also used human LDL 
labeled  with  [3H]cholesteryl  linoleate  (3HCE-LDL),  either 
alone or conjugated to gold particles, to assess conversion of 
sterol carried by exogenous lipoprotein to progestins. Finally, 
to identify structures containing lysosomal enzymes, the dis- 
tribution of acid phosphatase (ACPase) and arylsulfatase was 
determined by electron microscope cytochemistry. 
MATERIALS  AND  METHODS 
Lipoproteins:  Human LDL (d =  1.019-1.063 g/ml) and HDL (d = 
1.095-1.21 g/ml) were isolated from blood of normal donors by the method of 
Havel et al. (15). Lipoprotein-deficient human male serum (d >  1.21 g/ml) was 
prepared as previously described (30) and adjusted to a protein concentration 
of 50 mg/ml. 
Labeling of LDL with [3H]Cholesteryl  Linoleate:  LDL was 
labeled with [3H]cholesteryl  linoleate by the method of Brown et al. (3). Greater 
than 98% of the 3H from labeled LDL was in the cholesteryl ester, and the 
~Abbreviations  used in this paper. ACPase, acid phosphatase; FGC- 
cacodylate, a  solution of 1%  paraformaldehyde-l% glutaraldehyde- 
0.01%  trinitrocresol  in  0.1  M  sodium  cacodylate  buffer,  pH  7.4; 
3HCE-LDL,  low  density  lipoproteins  labeled  with  [3H]cholesteryl 
ester; HDL,  high density lipoprotein; LPDS  medium, culture fluid 
supplemented with 20% lipoprotein-deficient serum; LDL, low den- 
sity lipoprotein; MVBs, multivesicular bodies. 
specific activity of the cholesteryl ester, quantitated  by the method of Rudel 
and Morris (27), was 19,272 dpm/nmol. The 3HCE-LDL migrated with human 
LDL on agarose electrophoresis, and the ~H peak co-migrated with  native 
human LDL. The labeled LDL contained 0.59 mg protein/ml and 0.93 mg 
total sterol/ml. The protein/total  sterol mass ratio in the LDL was 1.0:1.6. 
Culture  of  Granulosa  Cells:  Immature  rats  (Sprague  Dawley, 
Charles River Breeding Laboratories, Wilmington, MA), 21 d old, were primed 
with 5 IU pregnant mare's serum gonadotropin (Organon Inc., West Orange, 
NJ)  60  h  before  receiving 25  IU  human  chorionic  gonadotropin  (Sigma 
Chemical Co., St. Louis, MO). Ovaries were removed 4 h later, and primary 
cultures of rat granulosa cells were established as detailed previously (26, 30), 
except that the cells (~250,000 viable cells/culture) were seeded onto collagen- 
coated, aclar vessels  in 35-mm plastic culture dishes. Culture medium consisted 
of RPMI  1640 containing 4 mM glutamine, 25 mM HEPES, and 50 #g/ml 
gentamicin supplemented with 20% human male serum. Cells were cultured 
for 48 h, then washed with serum-free medium and placed into culture fluid 
supplemented with 20% lipoprotein-deficient serum (LPDS medium) for 24 h 
before use. 
Conjugation  of Gold to LDL:  Colloidal  gold particles,  20 nm  in 
diameter, were prepared by reducing aqueous HAuCL with aqueous trisodium 
citrate according to the method of Frens (7). LDL or ~HCE-LDL (containing 
4.4-6.6  tag of LDL apolipoprotein/ml  of gold solution) was used to prepare 
gold-LDL conjugates, as described by Handley (14), with slight modification; 
i.e., to remove unconjugated LDL, the final pellet was washed by centrifugation 
in polyethylene glycol (0.2 mg/ml in distilled water) at 10,000 rpm for 45-60 
min. Gold-LDL conjugates, stained with  1% sodium  phosphotungstic acid, 
were viewed in an electron microscope. Gold-LDL conjugates were used within 
24 h of their preparation. 
Uptake of Gold-LDL Conjugates by Granulosa Cells:  On 
the day of the experiment, cultures were chilled to 4"C for 30 min and then 
incubated with 1.0 ml of cold LPDS medium containing gold-LDL conjugates 
(-10m2-1013 conjugates/ml)  for 60-90 min at 4* or 37"C. After washing six 
times with LPDS medium to remove unbound gold-LDL, cultures were fixed 
for electron microscopy or incubated in warm LPDS medium (lacking gold- 
LDL conjugates) for 2-60 min at 37"C, then washed and fixed. 
To evaluate the specificity of gold-LDL accumulation, cultures were incu- 
bated simultaneously with gold-LDL conjugates and either (a)  100 ug/ml  of 
unconjugated LDL or HDI or (b) heparin (10 mg/ml; Sigma Chemical Co.), 
which displaces bound LDL but not HDL (6, 10). Other cultures were incubated 
with unconjugated gold. 
Metabolism  of  [3H]Cholesteryl  Linoleate  Carried  by 
LDL:  To determine the fate of sterol carried by exogenous LDL, cultures 
were chilled to 4"C for 30 min and then incubated  in medium  containing 
3HCE-LDL (600,000 dpm [3H]cholesteryl  ester/dish) for 90 min at 4°C. After 
incubation in the cold, other cultures were warmed to 37"C for 30-180 min, 
with  or  without  chloroquine  (50  uM;  Sigma Chemical  Co.). Media  were 
collected for identification of tritiated steroids, and the protein content of the 
cultures was determined by the method of Bradford (2), using BSA as a standard. 
In parallel experiments, cultures were exposed to LDL labeled with both gold 
and [3H]cholesteryl  linoleate, with or without chloroquine in the medium, as 
above. After collecting media for biochemical analysis, cultures were washed 
and processed for electron microscopy. 
Other  Methods:  Radioactive 20c~-hydroxypregn-4-en-3-one  was iso- 
lated by two-dimensional thin layer chromatography,  using silica gel plates 
(Si250-F-PA, J. T. Baker Chemical Co., Phillipsburg, N  J) and a solvent system 
of hexane/ethyl  acetate (70:30, vol/vol) in the first dimension,  followed by 
methylene chloride/diethyl  ether (50:20, vol/vol)  in the second dimension. 
Steroid, visualized under ultraviolet light, was collected for liquid scintillation 
counting (Biofluor, New England Nuclear, Boston, MA). To confirm that this 
system purified 20a-hydroxyprogestin, sequential chromatography of isolated 
tritiated 20a-hydroxyprogestin was carried out in two other solvent systems 
(chloroform/diethyl  ether,  9:1, vol/vol;  isopropyl ether/diethyl  ether/acetic 
acid, 70:30:2, by vol). In each system, the radioactive products cochromato- 
graphed with authentic 20a-hydroxypregn-4-en-3-one. 
Electron Microscopy:  Cultures were fixed and processed for electron 
microscopy in the aclar dishes. Cultures incubated in the cold were fixed for 
60 rain in cold 1% paraformaldehyde- 1% glutaraldehyde-0.01% trinitrocresol 
in 0.1  M sodium cacodylate buffer, pH 7.4 (FGC-cacodylate) (22). Cultures 
incubated at 37°C were fixed for 15 min in warm FGC-cacodylate, then for 45 
min in cold fixative. After washing in cold buffer, cultures were postfixed, 
stained en bloc, dehydrated, and embedded as described previously (22). Mem- 
brane structure was enhanced by mordanting cultures, after postfixation, with 
1%  tannic acid (No. 1764, Mallinckrodt  Inc.,  St.  Louis, MO)  in  0.1  M 
cacodylate, pH 7.4, for 30 min at 22"C (31). To visualize lipoprotein particles 
bound to gold, some cultures were postfixed in cold  1.33% OsO4-0.067 M 
cacodylate containing 5% sucrose and 1% ruthenium red for 1 h. 
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to prepolymerized epoxy blocks. Thin sections (50-100 nm thick), cut perpen- 
dicular to or parallel to (enface) the bottom of the culture dish, were prepared, 
picked up on 0.3% formvar-coated slot grids, and stained with uranyl acetate 
( 15-30 min) and lead citrate (3-5 min). 
Quantitation of Gold-LDL Particles, Gold-LDL-Labeled Or- 
ganelles,  and Coated  Vesicles:  The  number of gold-LDL particles 
or gold-labeled organelles was quantified in sections cut perpendicular to the 
bottom of the culture dish. A predetermined, nonrandom pattern was used to 
photograph cells to ensure that they were selected in a  nonbiased manner; i.e., 
the first 20-50 consecutive cells (cellular profiles) were photographed in their 
entirety at a magnification of 7,000. The final magnification of the prints used 
for counting was  15,000.  The data was expressed as gold particles per cellular 
profile, or as the percentage of gold particles at the surface, in the cell, or in 
various organelles. When  percentages of gold-labeled organelles were deter- 
mined, an  organelle was scored as labeled if it contained one or more gold 
particles. 
For quantitation of cultures exposed to  LDL labeled with both gold and 
[3H]cholesteryl ester, sections were obtained from at least three areas in each 
of two culture dishes; 26-46 cellular profiles were photographed and analyzed 
per  dish  for  each  time  period.  Gold-labeled  organelles and  gold  particles 
associated with  various cellular compartments were quantified,  percentages 
calculated, and the mean of the two dishes determined for each category. 
To determine whether gold-labeled organelles became associated with the 
Golgi complex or GERL (the Golgi zone), sections were cut en face, and cells 
selected and photographed as above. On the final prints, the region containing 
the Golgi zone was circumscribed with a pen; gold-labeled organelles inside the 
zone and those -<0.5 cm from the outer edge of the zone were scored as within 
the  Golgi zone.  Gold-labeled organelles beyond  this region were  scored  as 
outside of the Golgi zone. The percentage of organelles within and beyond the 
Golgi zone was then calculated. 
To determine if coated vesicles subjacent to the  plasmalemma were free 
within the cytoplasm or if they represented tangential sections through coated 
pits, gold-labeled, "apparent" coated vesicles were studied in consecutive serial 
thin sections (25-35 nm thick). Section thickness was estimated by determining 
the number of sections in which profiles of the smallest diameter vesicles  were 
present (24). 
Cytochemistty:  Cultures used for ACPase localization were exposed 
to gold-LDL conjugates for 60 min at 4"C, washed, and fixed with cold FGC- 
cacodylate for 30 min or warmed to 37"C for 2,  10, or 60 min, then washed 
and  fixed.  ACPase  activity was  localized in  these  cultu~s  using methods 
described  previously (22).  Cultures  used  for  arylsulfatase localization were 
exposed to gold-LDL conjugates for 60 min at 4"C, warmed to  37"C for 60 
min, and washed and fixed for 2  min with FGC-caeodylate. They were then 
reacted  for  the  localization of  arylsulfatase activity according  to  methods 
previously published  (22).  Specificity of  these  cytochemical  reactions  was 
verified as detailed by Paavola (22). 
RESULTS 
Fine Structure  of Granulosa Cells In Vitro 
Most granulosa cells were well-luteinized, containing abun- 
dant smooth endoplasmic reticulum, occasional lipid  drop- 
lets, and an extensive Golgi zone (Golgi cisternae and GERL- 
like structures) that occupied a  perinuclear position in  89% 
of 150 cells (Fig.  1). Other noteworthy cytoplasmic structures 
included MVBs and lysosome-like dense bodies. MVBs were 
0.2-0.5 #m in diameter, contained one or more small vesicles 
in  a  matrix that was electron lucent (pale  MVBs)  or dense 
FIGURE  1  Most granulosa cells in our cultures were well-luteinized, containing abundant smooth endoplasmic reticulum (ser), 
many mitochondria, and a large Golgi complex (gc). Also present were coated pits (arrowheads), pale and dense MVBs  (pmvb, 
dmvb),  and  lysosome-like dense  bodies (Iy). Numerous  slender microvilli (arrows) protruded from  the  surfaces of these cells. 
x  36,800. 
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Lysosome-like dense bodies were 0.3-0.7  um  in  diameter, 
with a lucent to dense matrix in which myelin-like figures or 
other residua occurred (Fig. 1). Microvilli studded the surfaces 
of  these cells. A modest number ofgranulosa cells were poorly 
luteinized, containing a well-developed Golgi zone, consider- 
able rough endoplasmic reticulum, but little smooth endo- 
plasmic reticulum. They were relatively fiat, with few micro- 
villi.  Cells  intermediate  in  morphology between these two 
types were present.  Although the  proportions varied, well- 
luteinized cells  predominated; in  five cultures dishes,  they 
comprised 64-100% of the cells present, with a mean of 75 
__. 6% (+SE). 
Uptake of Gold-LDL at 4 °C and Specificity of 
Accumulation 
Granulosa cells cultured for 24 h  in lipoprotein-free me- 
dium and exposed to gold-LDL conjugates in the cold avidly 
accumulated gold-LDL particles (Fig. 2a). Typically, 99.9% 
were at the cell  surface (6,730 gold particles in  33  cellular 
profiles). Of these, <4% lay over coated pits. Most were over 
noncoated regions of the plasma membrane (Fig. 2 a), partic- 
ularly microvilli (Fig. 2, a and c), and gold-labeling of coated 
pits at the bases of microvilli was common (Fig. 2d, inset). 
Although the overall number of gold particles associated with 
an individual granulosa cell profile was 204 (n =  33 cellular 
profiles), well-luteinized cells accumulated more gold particles 
(295 per cellular profile; n =  19) than did poorly luteinized 
cells (85  gold particles per cellular profile; n  =  14). Of the 
gold particles at the surfaces of poorly luteinized cells,  38% 
were associated with microvilli, whereas 78% were over mi- 
crovilli of well-luteinized cells. The lipoprotein component of 
gold-LDL conjugates was visualized in thin sections of tissue 
stained en bloc with ruthenium red or treated with tannic acid 
(Figs.  3a and 4,  a-d).  Similar results were obtained when 
granulosa cells were cultured continuously in medium con- 
taining 20% serum. However, the number of gold particles 
per cellular profile was  decreased,  presumably due to  the 
occupancy of LDL binding sites by LDL present in the serum 
and to a  reduction in the  number of lipoprotein receptors 
because cholesterol was available in the serum. 
Uptake  of gold-LDL by granulosa  cells  was  lipoprotein 
specific. In cultures exposed to gold-LDL and excess uncon- 
jugated LDL, accumulation of gold particles was reduced by 
92.2 _+ 5.1% (_+SE) in 103 cellular profiles from four experi- 
ments as compared with control cultures incubated with gold- 
LDL alone (Fig. 2 b). In contrast, excess unconjugated HDL 
reduced uptake ofgold-LDL by only 38 _+ 10.9% (_+SE) (n = 
38 cellular profiles from three experiments) when incubated 
at 4"C, and by 34% when incubated at 37"C (n =  36 cellular 
profiles from one experiment). Cultures incubated with gold- 
LDL and heparin at 4"C (n =  31 cellular profiles) or 37"C (n 
=  15 cellular profiles) accumulated 97-99% fewer gold par- 
ticles than did control cultures. The possibility that unconju- 
gated gold was  accumulated nonspecifically at gold-binding 
sites was ruled out by incubating cultures with unconjugated 
gold  particles at  4"C,  with  or  without  warming  to  37"C. 
Unwarmed cultures accumulated unconjugated gold at 6% of 
that  for control cultures exposed to gold-LDL conjugates; 
warmed cultures took up 12% of that for control cultures. 
Although the affinity of the LDL receptor on rat cells for 
human LDL is lower than that for homologous LDL (18), 
the cholesteryl ester it carries is used effectively in progestin 
synthesis by rat ovarian cells (25,  26,  30),  and it has been 
used  to  quantitate  LDL receptor activity in  steroidogenic 
tissues  of rats and mice (25).  Hence, human LDL is a valid 
probe with which to map the pathway of LDL metabolism in 
rodent cells. 
Distribution of Gold-LDL among Intracellular 
Organelles after Warming to 37°C 
To determine the temporal sequence in which intracellular 
organelles involved in uptake and processing of LDL become 
labeled with gold, gold-containing organdies were quantified 
after exposure of granulosa cells to gold-LDL conjugates for 
1 h in the cold and warming to 37"C for 2-60 min. After 2 
min of warming, 98.8% of the gold particles were at the cell 
surface, with 1.2% over cytoplasmic structures (Table I). Our 
TABLE  I 
Percent  of  Gold-LDL  Particles at  the  Cell  Surface  and  in  the 
Cytoplasm of Cranulosa Cells at 4 °C and after Various Times at 
37°C 
No. cel-  Gold 
lular  parti-  Percent- 
profiles  No. gold  cles/  age at  Percent- 
Min at  exam-  particles  cellular  cell sur-  age in- 
37°C  ined  counted  profile  face  side cell 
0  27  6,216  230  99.9  0.1 
2  20  3,265  163  98.8  1.2 
4  19  3,224  170  98.6  1.4 
6  34  4,027  118  98.9  1.1 
8  34  5,294  161  96.6  3.4 
10  35  6,881  197  93.6  6.4 
12  53  12,955  244  97.5  2.5 
15  32  9,530  299  93.8  6.2 
20  34  4,369  128  83.6  16.4 
30  27  3,554  132  74.6  25.4 
60  52  10,456  201  45.0  55.0 
Granulosa cells, incubated for 24 h in LPDS medium, were exposed to gold- 
LDL conjugates for 1 h at 4 °C and warmed to 37°C for 0-60 min. Quantitation 
was carried  out on thin sections cut  perpendicular to the bottom of the 
culture dish. Gold particles and gold-labeled organelles were quantified in 
19-53 cellular profiles per time period as described in Materials and Methods. 
FIGURE  2  Uptake of gold-human  LDL conjugates by granulosa cells incubated for 24 h  in LPDS medium and then exposed to 
gold-LDL conjugates, with or without excess unconjugated LDL, for 1 h in the cold. After washing, some cultures were warmed 
to 37°C.  (a) In cultures exposed to gold-LDL conjugates in the cold but not warmed, virtually all gold particles were at the cell 
surface.  Most  were  over microvilli  (arrows)  and  noncoated  segments of the  plasma  membrane (arrowheads).  x  100,700.  (b) 
Inclusion of excess unconjugated LDL in the medium with gold-LDL conjugates markedly reduced the number of gold particles 
associated with granulosa cells. A single gold particle (arrow) occurs along the plasmalemma of this cell. x  28,500. (c) After 2 min 
at 37°C, most gold particles remained at the cell surface. As in unwarmed cells, they lay along microvilli (arrows) and noncoated 
segments of the plasma membrane, although some were in coated pits (arrowheads). x  100,700. (d) Coated pits were commonly 
associated with the bases of microvilli and often contained gold particles (arrow). x  32,000. 
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bodies were small (130 nm in diameter; usually coated) vesi- 
cles (Fig. 4d), and 40% were pale MVBs (Fig. 4e). Virtually 
all gold-labeled coated vesicles were near the plasma mem- 
brane. To ascertain if such structures were true vesicles  or 
represented tangential cuts through coated pits, 70 "apparent" 
coated vesicles  containing gold particles were examined in 
serial  thin  sections; 64%  were coated pits  since they were 
connected to the  cell  surface, and  36%  were true vesicles, 
being detached completely from the plasma membrane. After 
correcting our  raw  figures  for the  percentage  of apparent 
coated vesicles that were in reality coated pits, we found that 
pale MVBs comprised 74%  of the gold-labeled intracellular 
bodies (Table II). Gold particles of pale MVBs lay beneath 
TABLE  II 
Percent of Cold-LDL-labeled Intracellular  Organelles  in Granu- 
Iosa Cells at 4 °C and after Various Periods of Warming to 37°C 
No. la- 
No. cel-  beled 
lular  struc-  Labeled organelle 
profiles  tures 
Min at  exam-  exam-  Vesi-  Pale  Dense  Lyso- 
37°C  ined  ined*  cles*  MVBs*  MVBs*  somes* 
%  %  %  % 
0  27  4  100  0  0  0 
2  20  22  26  74  0  0 
4  19  26  32  68  0  0 
6  34  26  40  60  0  0 
8  34  72  31  66  3  0 
10  52  121  20  66  13  1 
12  53  97  21  67  12  0 
15  32  79  15  49  30  6 
20  34  115  12  43  23  21 
30  27  98  13  29  13  44 
60  52  470  9  15  12  63 
Granulosa cells, incubated  for  24  h  in  LPDS medium,  were exposed to 
gold-LDL conjugates for  1 h at 4°C  and warmed to 37°C for  0-60 min. 
Quantitation  was carried out on  thin  sections cut  perpendicular  to  the 
bottom of the culture dish. Gold particles and gold-labeled organelles  were 
quantified in 19-53 cellular profiles per time period as described in Mate- 
rials and Methods. 
* Includes apparent coated vesicles. 
* Corrected for presence of apparent coated vesicles. 
the limiting membrane (Fig. 3 d) or were scattered throughout 
the matrix (Fig.  3 e), and were encircled by round particles 
(20  nm  in  diameter),  presumably LDL particles,  in  tissue 
treated with tannic acid (Fig. 3, d and e). Gold particles were 
absent from the tail-like  extensions of MVBs (Fig.  3 c). An- 
other gold-labeled structure noted after warming was a dou- 
ble-walled electron-lucent vacuole (Fig. 3 b). 
It is important to note that even though the majority of 
gold particles were initially localized to noncoated regions of 
the plasma membrane (Fig.  4a), those particles in the first 
stages  of internalization  were  consistently  associated  with 
slightly or deeply indented coated pits (Fig. 4, b and c). 
The distribution of gold label between the cell surface and 
cytoplasm and among intracellular organelles after 4 and 6 
min of warming was similar to that after 2 min (Table II). By 
8 min, the percentage of  gold particles at the surface decreased 
and for the first time dense MVBs contained gold (Table II; 
Fig.  4f).  Between  8  and  15  min,  the  percentage of gold- 
labeled dense MVBs increased substantially (Table II). By 15 
min, a  modest number of lysosome-like dense bodies con- 
tained gold particles (Fig. 4, g and h), and as warming time 
increased, the percentage of gold-labeled lysosome-like dense 
bodies rose steadily, reaching 63% after 60 min at 37"C (Table 
II; Fig. 5). Individual lysosome-like dense bodies were often 
heavily labeled; some contained more than 300 gold particles. 
Between 15 and 60 rain of warming, the percentage of gold 
particles associated with the plasma membrane fell from 94 
to 45%, while that in cytoplasmic structures rose correspond- 
ingly (Table II).  Regardless  of the time period, none of the 
69,771 gold particles in the 367 cellular profiles examined for 
this part of the study was observed in other organelles,  includ- 
ing the cisternae of the Golgi complex or GERL. 
The possibility that chilling modified the pattern of LDL 
uptake was  assessed  by incubating cultures with gold-LDL 
conjugates continuously at 37"C for 60 min. The distribution 
of gold particles among intracellular organelles in these cells 
was identical to that for cells exposed to gold-LDL at 4"C and 
then warmed. 
To determine if ligand moved from the cell surface to the 
region of the Golgi complex, gold-labeled organelles within 
and beyond the Golgi zone were quantified in cultures ex- 
posed to gold-LDL conjugates and warmed for 0-60 min. In 
FIGURE  3  (a) The lipoprotein component of the gold-LDL conjugate is visible (arrow) in sections of tissue treated with ruthenium 
red.  x  43,000.  (b)  After  warming of cultures  exposed to gold-LDL conjugates  in  the cold, gold  particles occurred  in  double- 
walled, electron-lucent vacuoles. They lay between the inner and outer membranes (arrows) of the double wall. Analysis of serial 
sections revealed that similar profiles can be derived from structures that are cup-shaped in three dimensions, x  55,500.  (c) Pale 
MVBs often  have tail-like projections (arrows) and  resemble CURL vesicles of fibroblasts,  x  45,400.  (d and e)  In tissue treated 
with tannic acid, it was apparent that the lipoprotein component of gold-LDL conjugates in pale MVBs was intact, suggesting that 
degradation of  LDL  does not o~zcur in  this  compartment.  Two such  gold-LDL  conjugates lie  beneath  the  limiting  membrane 
(arrow) of a pale MVB  in d  and one is at the center of another MVB  in e.  x  44,200.  (a-e) Cultured for 24 h  in  LPDS medium 
before labeling with gold-LDL conjugates for 1 h in the cold and warming for various times. (b-e) Treated with tannic acid. 
1240  THE JOURNAL Or CELL BIOLOGY • VOLUME 100, 1985 FIGURE 4  (a-g) This series of micrographs shows the sequence in which structures involved in processing of gold-LDL conjugates 
became labeled with gold particles, a-c represent the likely sequence for the earliest phases of ligand accumulation. The initial 
interaction between gold-LDL conjugates and granulosa cells was at the plasma membrane, primarily along noncoated segments 
(a,  arrowheads).  Subsequent  internalization of conjugates  involved slightly  (b,  arrowheads  indicate the coat) and  deeply (c) 
indented coated pits and the formation of coated vesicles (d). Between 2 and 12 min of warming,  MVBs were the most abundant 
gold-labeled organelle (e; arrowheads indicate dense patches along the limiting membrane). By 8 min of warming,  dense MVBs 
contained gold particles (f) and after 15 rain, lysosome-like dense bodies were labeled with gold (lysosome with electron-lucent 
[g] and electron-dense [h] matrix). (a-e)  From tissue treated with tannic acid; thus, the lipoprotein component of the gold-LDL 
conjugate is visible,  a-c,  x  79,400; d,  x  90,700;  e-f,  x  47,900;  g,  x  29,200;  h,  x  51,000. All were cultured for 24 h  in  LPDS 
medium and exposed to gold-LDL conjugates for 1 h in the cold and warmed to 37°C for various times. 
unwarmed cultures,  no gold-labeled organelles occurred  in 
the Golgi zone (Table III). But, by 6 min of warming, 16% of 
all gold-labeled organelles were located in this region, and by 
12 min the number rose to 30%. Of the gold-labeled bodies 
in  the Golgi zone at 6  min,  100%  were pale MVBs (Table 
IV), and they remained the most abundant of  the gold-labeled 
bodies in this area from 6-15 min. The percentages of dense 
MVBs  in  the  Golgi  zone  peaked  at  15  min  of warming, 
whereas the percentage of labeled lysosomes in this area rose 
sharply from 8 to 78% between 15 and 60 min. 
Uptake and Metabolism of Gold- and 
[3H]Cholesteryl Linoleate-labeled LDL 
Oranulosa cell cultures were exposed to LDL labeled with 
3HCE-LDL alone or with both gold and [3H]cholesteryl  ester 
(gold-3HCE-LDL) to assess the fate of sterol carried by LDL. 
This approach provided a unique opportunity to follow lipo- 
protein processing simultaneously at the structural and func- 
tional level. In addition, it allowed us to determine if binding 
of gold  to  LDL  altered  the  physiological  behavior of the 
lipoprotein. 
After incubation of granulosa cells with 3HCE-LDL for 90 
min at 4°C and subsequent warming, the medium contained 
tritiated 20a-hydroxypregn-4-en-3-one. Conversion of sterol 
to  progestin was time-dependent,  and  the  time course and 
extent of conversion were virtually identical for cultures in- 
cubated with 3HCE-LDL or gold-3HCE-LDL (Table V). Thus, 
conjugation  of gold  to  LDL  did  not  alter  the  kinetics  of 
lipoprotein uptake or the ability of the lipoprotein to be used 
in  steroid hormone formation. Conversion of [3H]esterified 
sterol to [3H]progestin was blocked by chloroquine (Table V). 
Fine structural analysis of cultures exposed to gold-3HCE  - 
LDL showed that the kinetics of sterol to steroid conversion 
were accompanied by increasing percentages of (a) internal- 
ized  gold  particles,  (b)  gold-labeled  lysosomes, which  rose 
from 47% at 30 min of warming to 78% at 180 min, and (c) 
intracellular gold particles contained within lysosomes, which 
reached 96% at  180 min of warming (Table V). In addition, 
the number of lysosomes per cellular profile increased, peak- 
ing at 5.6 (Table V). 
Numerous large,  electron-lucent vacuoles occurred in  the 
cytoplasm of cells exposed to chloroquine. We grouped these 
vacuoles with lysosomes since treatment with chloroquine is 
reported to cause enlargement and vacuolation of lysosomes 
(21).  However, we cannot rule out the possibility that they 
might  represent  massively enlarged  pale  MVBs,  since  the 
MVB compartment of hepatocytes was markedly increased 
by chloroquine administration (17). Unlike lysosomes of con- 
trol (nontreated) cells,  vacuolated lysosomes of chloroquine- 
treated  cells contained  intact  lipoprotein  particles  (Fig.  6). 
Uptake of goid-LDL conjugates was reduced in chloroquine- 
treated cells (30% uptake versus 54% for nontreated cultures). 
However, the percentage of surface particles lying over coated 
pits was unaffected by drug treatment, remaining remarkably 
constant from 0-180 min of warming for all cultures (Table 
V). Similarly, chloroquine treatment did not markedly alter 
PA^VOLA ET AL.  Cellular  Mechanisms in Lipoprotein  Metabolism  1241 FIGURE  5  Granulosa cell incubated for 24 h in LPDS medium, exposed to gold-LDL conjugates for 1 h at 4°C, and warmed to 
37°C for 1 h.  By 60 min of warming, the number of gold particles at the surface had declined markedly (arrowheads; compare 
with Fig. 2, a and c), whereas that in the cytoplasm had risen.  Intracellular gold particles were associated primarily with lysosome- 
like dense bodies (long arrows); one in this field contains more than 100 gold particles. A gold-labeled pale MVB (short arrow) is 
also present, x  26,000. 
the distribution  of gold label among intracellular compart- 
ments, except that the number of gold-labeled dense MVBs 
per  cellular  profile was decreased  by  10-20-fold  (data  not 
shown).  167,630  gold particles in 419  cellular profiles were 
analyzed for this portion of the study. 
Localization  of Acid Phosphatase and 
Arylsulfatase Activity 
To identify gold-labeled intracellular structures belonging 
to the lysosomal system, organelles containing gold particles 
alone or  both gold  particles  and  ACPase  reaction  product 
were quantified in cells after exposure to gold-LDL conjugates 
and incubation for ACPase activity. In cultures warmed for 2 
min,  19 of 20 gold-labeled pale MVBs present in 62 cellular 
profiles were negative for ACPase activity. None of the  39 
gold-labeled small vesicles in  these  cells  contained  ACPase 
reaction product. At l0 min of warming, 63 of 66 (95%) gold- 
labeled pale MVBs in  37  cellular profiles were negative for 
ACPase activity (Fig.  7 d). None of the 33 gold-labeled small 
vesicles was reactive for ACPase. 
At 2 and  l0 rain of warming, lysosomes lacked gold parti- 
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Percentage of Gold-LDL-labeled Intracellular Organelles  within 
and beyond the Golgi Zone in Granulosa Cells at 4"C and after 
Warming to 37°C 
No. gold-la-  Percentage  Percentage 
No. cellular  beled or-  within  beyond 
Min at  profiles ex-  ganelles ex-  Golgi  Golgi 
37"C  amined  amined*  zone*  zone* 
0  27  0  0  0 
6  20  84  16  84 
8  25  112  18  82 
10  54  259  24  76 
12  28  132  33  67 
15  23  135  20  80 
20  20  191  23  77 
60  13  254  24  76 
Granulosa cells were prepared as described  in the Table II legend, except 
that thin sections were cut  en face (parallel to the bottom of the culture 
dish).  Gold-labeled organelles within  and  beyond the  Golgi  zone were 
quantified in 20-40 cellular profiles per time period as detailed in Materials 
and Methods. 
* Includes apparent coated vesicles. 
* Corrected for presence of apparent coated vesicles. 
TABLE IV 
Percent Distribution of Gold-LDL-labeled Organelles within the 
Golgi Zone of Granulosa Cells 
No. la- 
beled or- 
ganelles  Labeled  Labeled  Labeled 
Min at  exam-  Labeled  pale  dense  lyso- 
37°C  ined  vesicles  MVBs  MVBs  somes 
%  %  %  % 
0  0  0  0  0  0 
6  11  0  100  0  0 
8  18  5  95  0  0 
10  57  2  82  14  2 
12  40  0  90  10  0 
15  26  0  77  15  8 
20  42  7  52  21  19 
60  60  3  8  10  78 
Granulosa cells were prepared as described  in the Table II legend, except 
that thin sections were cut en face (parallel to the bottom of the culture dish). 
Gold-labeled organelles within and beyond the Golgi zone were quantified 
in  20-40  cellular  profiles  per  time  period  as  detailed  in  Materials  and 
Methods. 
TABLE V 
Metabolism of Gold- and [3H]Cholesteryl  Linoleate-labeled Human LDL by Rat Granulosa Cells In Vitro: Quantitative  Results 
Min at 37°C 
[3H]20 a-Hy- 
droxy-pregn-4-  Intracel-  No. la-  No. la- 
No.  No.  Surface  lular  beled  beled  en-3-one 
cell  gold  Gold  Gold  particles  La-  gold  lyso-  lyso- 
Gold-  profiles  No. gold  particles  particles  particles  over  beled  particles  somes  somes 
3HCE-  3HCE-  exam-  particles  per cell  at sur-  inside  coated  lyso-  in lyso-  per cell  exam- 
LDL*  LDL  ined  counted  profile  face  cell  pits  somes*  somes  profile  ined 
pmol/dish  %  %  %  %  % 
0  0  0  65  16,760  259  99.9  0.1  3.4  0  0  0  0 
30  0.97  4.52  73  23,988  361  83.1  16.9  3.6  46.8  63.3  1.5  101 
60  2.08  3.41  67  40,572  609  74.7  25.3  2.7  57.4  77.0  3.7  238 
120  4.60  14.31  76  33,542  440  58.3  41.7  4.2  70.1  89.3  5.6  429 
180  30.25  47.59  74  23,685  320  46.4  53.8  3.9  77.6  93.6  5.0  369 
180 +  chloroquine  3.56  3.78  64  29,083  450  69.9  30.1  3.7  79.8  96.4  3.2  205 
Granulosa cells, incubated  for 24 h in LPDS medium, were exposed to 3HCE-LDL or gold-3HCE-LDL (600,000 dpm [3H]cholesteryl ester/dish; specific activity 
=  19,272 dpm/nmol cholesteryl ester) for 90 min at 4°C and warmed for 0-180 min. At each time point, two cultures were prepared for electron microscopy 
and two used for protein determination.  Media from all cultures were assayed for radioactive steroid. Gold particles were quantified as detailed  in Materials 
and Methods. Each result is an average of two culture dishes for that time point. 
"Average protein content per dish =  17.8 + 4.34 ,~g/dish (SE, n =  12). 
* Corrected for presence of apparent coated vesicles. 
cles but contained moderate to heavy ACPase reaction prod- 
uct. By 60 min of warming, many lysosome-like dense bodies 
were co-labeled with gold particles  and ACPase (Fig. 7, a and 
b)  or  arylsulfatase  (Fig.  7c)  reaction  product.  Such  bodies 
were judged to be true lysosomes on the basis of cytochemical 
reactivity and morphology. Although gold-labeled pale MVBs 
and small vesicles were present after  1 h of warming, neither 
contained  ACPase  or  arylsulfatase  reaction  product.  Thin 
sections of control cultures incubated for ACPase or arylsul- 
fatase  activity were devoid of reaction product, verifying the 
specificity of the cytochemical reactions. 
DISCUSSION 
We have demonstrated for the first time the pathway by which 
steroid-secreting cells of rats take  up and process gold- and 
[3H]cholesteryl linoleate-labeled human LDL. Since lipopro- 
teins bearing apolipoprotein E bind to the LDL receptor (4), 
the pathway we have described may be identical to that used 
by ovarian cells in situ to metabolize apolipoprotein E-con- 
taining HDL, which is abundant in rat plasma (33). 
Accumulation of LDL by granulosa cells began with the 
binding of gold-LDL conjugates to the plasma  membrane. 
Few conjugates were  over coated pits, indicating that LDL 
binding sites were not typically preclustered  before interaction 
with ligand, as they are in fibroblasts  (1). Movement ofgold- 
LDL conjugates into granulosa cells was mediated by coated 
pits and true coated vesicles.  Although true coated vesicles 
are reported to occur in fibroblasts (24), others argue that they 
do not exist freely within the cytoplasm (35). After internal- 
ization, gold-LDL conjugates moved through a series  of cel- 
lular compartments, beginning with small vesicles and ending 
with lysosomes (Fig. 8). Hence, delivery of LDL to lysosomes 
in steroid-secreting cells involves a pathway basically similar 
to that described  for receptor-mediated  endocytosis of this 
ligand by nonsteroidogenic cells (1, 5). 
An  important  step  in  LDL  uptake  was  the  centripetal 
transport of ligand from the periphery of the granulosa cell to 
the perinuclear Golgi zone (Table III). Translocation to the 
Golgi region, although implied in the literature,  has not been 
documented previously at the fine structural level. Gold-LDL 
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of chloroquine-treated culture.  Vacuolated lyso- 
somes bore a superficial resemblance to electron- 
lucent lysosomes of untreated cultures. However, 
in contrast to lysosomes of untreated cells, vacu- 
olated lysosomes of chloroquine-treated cells con- 
tained  intact  (undigested)  lipoprotein  particles. 
The area indicated by the arrowhead is shown at 
higher magnification in the inset, x  51,000.  (Inset) 
Note that the lipoprotein component (arrowhead) 
of the gold-LDL conjugates contained within the 
lysosome is identical in morphology to that of gold- 
conjugates at the cell surface  (compare with Fig. 
4, a-c). x  94,000.  Culture was incubated in LPDS 
medium for 24 h before exposure to LDL labeled 
with both gold and [3H]cholesteryl linoleate for 90 
min at 4°C and warming to 37°C for 180 min. The 
culture was treated with tannic acid. 
conjugates did not actually enter Golgi or GERL cisternae of 
granulosa cells,  as  reported to  occur during  endocytosis of 
epidermal growth  factor by other cell types (34).  The pale 
MVB, a rapidly forming organelle, was responsible for carry- 
ing LDL to the Golgi zone (Table IV). Pale MVBs are distinct 
from lysosomes in that they contain intact (undigested) lipo- 
protein  particles  and  lack  lytic  enzymes  (Figs.  3  and  7). 
Indeed,  pale  MVBs  may be the  structural  correlate of the 
nonlysosomal intermediate suggested by biochemical studies 
to transport ligand to lysosomes (20).  The presence of tail- 
like  projections  on  MVBs  hints  at  a  possible  role  of this 
structure in  receptor recycling (8).  As indicated by the tem- 
poral sequence in which they became labeled with gold par- 
ticles, dense MVBs represent a transition stage between pale 
MVBs  and  secondary  lysosomes.  Fusion  of structures  in- 
volved in LDL processing is suggested by our findings that, 
on  the  average, coated vesicles contained  4,  pale MVBs  8, 
dense MVBs 17, and lysosomes 29 gold particles (Paavola, L., 
unpublished data) and that individual lysosomes can contain 
hundreds of gold particles. 
Our data firmly establish the key role of lysosomes in the 
utilization of lipoproteins by granulosa cells.  The kinetics of 
[3H]cholesteryl  linoleate  conversion  to  [3H]progestin  were 
closely paralleled by quantitative changes in the gold-labeling 
of the lysosomal compartment and sterol to steroid conversion 
was prevented by inclusion in the medium of chloroquine, an 
inhibitor of lysosomal activity. Moreover, blockade of proges- 
tin  formation was accompanied by an accumulation of un- 
digested lipoprotein particles in the vacuolated lysosomes of 
drug-treated cultures. Since the ester linkage of the lipid must 
be cleaved before cholesterol is free to enter the steroidogenic 
pathway,  these  data  imply that  hydrolysis of LDL-carried 
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cholesteryl ester by granulosa cells occurs in lysosomes as it 
does in fibroblasts (4,  11). 
Available data indicate that cultured granulosa cells of rats 
and cows degrade the protein component of t25I-LDL (25, 28) 
by a  chloroquine-sensitive process (25,  29).  After a  30-min 
lag, hydrolysis of LDL protein began and then continued at 
a linear rate for several hours (28). These data correlate closely 
with our finding that the proportion of gold-labeled lysosomes 
was  modest  before  30  min  of warming  but  rose  steadily 
thereafter.  At  15  min  of warming,  we  observed  few gold- 
labeled  lysosomes in  the  Golgi  zone,  where  interaction  of 
endosome and lysosome presumably initiates degradation of 
ligand. However, by 60 min, lysosomes were the most abun- 
dant gold-labeled organelle in this area. Herman and Albertini 
(16)  recently reported a  remarkably similar time course for 
the redistribution of lysosomes and endosomes to the perin- 
uclear region in living granulosa cells.  Thus, the lag between 
surface binding of LDL to granulosa cells and appearance of 
degradation products corresponds closely to the time required 
for gold-labeled LDL to reach lysosomes. 
Our study documents important differences in how steroid- 
secreting cells and nonsteroid-secreting cells  handle lipopro- 
teins. The first and most striking difference is the fate of the 
sterol carried by iipoprotein. In fibroblasts, cholesterol liber- 
ated from LDL is used primarily in membranes and is not 
further  processed  once  it  exits  the  lysosome.  In  contrast, 
cholesterol obtained from LDL in granulosa cells is metabo- 
lized to progestin. This requires transport of sterol from the 
lysosome to other cellular compartments where the remaining 
steps in sterol synthesis occur. 
Secondly, the  time course for the  uptake of LDL differs 
radically  for  steroid-  and  non-steroid-secreting  cells.  Even FIGURE  7  Granulosa cells incubated for 24 h in LPDS medium, exposed to gold-LDL conjugates for 1 h at 4°C, warmed to 37°C 
for 10 (d) or 60 (a-c)  min, and reacted for localization of ACPase or arylsulfatase activity.  (a) Several lysosomes in this field are 
co-labeled with gold particles and reaction product for ACPase (arrowheads). The lysosome indicated by the arrow is shown  in 
detail in b. × 41,700. (b) The co-labeling is obvious at higher magnification,  since gold particles and reaction product are easily 
distinguished  from each other. Gold particles  are extremely electron-dense and  dot-like (single arrowhead).  Lead phosphate 
reaction  product  is  moderately electron-dense and  amorphous (double arrowheads),  x  77,100.  (c)  In  cells  incubated  for 
localization of arylsulfatase activity, bodies similar in  morphology to those in a are co-labeled with gold particles and enzyme 
reaction product (arrow), confirming that such granules are lysosomes, x  62,500. (d) in contrast, pale MVBs contain gold particles 
(arrow) but lack reaction product for ACPase or arylsulfatase. They thus represent a prelysosomal compartment. Note that nearby 
lysosomes (arrowheads) display ACPase reaction product, x  33,500. All stained en bloc only with uranyl acetate. 
after 3 h of warming, considerable gold-LDL remained at the 
surfaces of granulosa cells, whereas internalization of ferritin- 
labeled human LDL by human fibroblasts was virtually com- 
plete within  10  min (1).  The slower rate of LDL  uptake by 
granulosa cells may reflect inherent differences in the kinetics 
of internalization for the two cell types. Most LDL receptors 
on fibroblasts are preclustered in coated pits,  favoring rapid 
internalization of the ligand.  In contrast, most LDL binding 
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FIGURE 8  The steps involved in the metab- 
olism  of  LDL  by  granulosa cells are sum- 
marized  in  this  diagram.  Gold-LDL conju- 
gates, represented  by the large black dots, 
interact  initially with  binding sites located 
on noncoated segments of the plasma mem- 
brane (1) and then become associated with 
coated pits (2, cp). Gold-LDL conjugates are 
internalized when coated pits pinch off into 
the cytoplasm,  forming coated vesicles (3, 
cv). Ligand is transported  in the pale MVB 
or endosome (4, PMVB)  to the region of the 
Golgi complex (5, PMVB) where lysosomal 
acid  hydrolases  may  be gained.  This  pre- 
sumably  results  in  the  formation  in  se- 
quence of dense MVBs (6, DMVB)  and sec- 
ondary lysosomes (7, Iysosome). The action 
of lytic enzymes brings about release of free 
cholesterol which serves as substrate in the 
formation of  steroid  hormones,  the  main 
function of these cells. 
sites on granulosa cells are distributed randomly over the cell 
surface. Since entry into these cells involves coated pits, the 
ligand-receptor complex must translocate to a pit before en- 
docytosis  can  take  place,  perhaps  slowing  internalization. 
Moreover, the following parameters remained unchanged in 
granulosa cells throughout the warming period:  (a)  rate  of 
internalization of ligand, (b) number of coated pits per cellular 
profile, (c) percentage of surface particles associated with each 
coated  pit,  and  (d)  number  of gold-labeled  vesicles,  pale 
MVBs,  and  dense  MVBs  per  cellular  profile  (Paavola,  L., 
unpublished data). This suggests that after exposure to gold- 
LD1  in  the cold and  subsequent warming,  granulosa cells 
accumulate surface-bound LDL at a constant rate. In contrast, 
fibroblasts exposed to labeled LDL under similar conditions 
take up surface-associated LDL as a wave (1). Alternatively, 
uptake of heterologous LDL, our probe, by rat cells may be 
slower than uptake of homologous LDL, a possibility we are 
investigating. 
Thirdly,  well-luteinized  cells  accumulated  two  to  three 
times as many gold-LDL conjugates as did poorly luteinized 
cells, suggesting that granulosa cells gain the ability to bind 
increased amounts of lipoprotein during luteinization. Bio- 
chemical  work  indicates  that  gonadotropin  treatment  en- 
hances lipoprotein  uptake by rat  ovaries (32).  This implies 
that regulation of LDL binding in steroid-secreting cells differs 
from that of LDL uptake by fibroblasts. 
In summary, we have identified the events responsible for 
the uptake and  metabolism of LDL  in  a  cell that  requires 
lipoprotein for full functional activity and have demonstrated 
the importance of these processes to steroidogenesis. 
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